
USAARL Report No. 87-7

(0

V-- Measurement of Gunner Head Acceleration
During Firing of High Impulse Guns

on Lightweight Armored Vehicles
and the Assessment of Gunner Tolerance

to such Impact
l..., wal 11 ,,0'

By -,LE*C*TE
Ted A. Hundley MAR 2 41IM
J. L. H aley, Jr. c1 1

Biodynamics Research Division

July 1987

:88 2•,• 075
Approved for public release; distribution unlimited.



NOTICE

Qualified Requesters

Qualified requesters may obtain copies from the Defense
Technical Information Center (DTIC), Cameron Station,
Alexandria, Virginia 22314. Orders will be expedited if placed
through the librarian or other person designated to request
documents from DTIC.

Change of Address

Organizations receiving reports from the US Army Aeromedical
Research Laboratory on automatic mailing lists should confirm
correct address when corresponding about laboratory reports.

Disposition

Destroy this report when it is no longer needed. Do not return
it to the originator.

Human Use

Human subjects participated in these studies after giving their
free and informed voluntary consent. Investigators adhered to
AR 50-25 and USAMRDC Reg 70-25 on Use of Volunteers in Research.

Disclaimer

The views, opinions, and/or findings contained in this report
are those of the authors and should not be construed as an
official Department of the Army position, policy, or decision,
unless so designated by other official documentation. Citation
of trade names in this report does not constitute an official
Department of the Army endorsement or approval of the use of
such commercial items.

Reviewed:

DANIEL W. GOWER, R
MAJ, MS
Director, Biodynam Reseach

Division
Released for Publication:

J. D. LaMOTfE, Ph.D. DUDLEY/. PRICE
Colonel, MS Ccliciel, MC
Chairman, Scientific Commanding

Review rComm-ittee

S



StA&Y"AI1FAINO F Y HISPAGE

REPORT DOCUMENTATION PAGE For Aproe

I.REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASS IFIED___________________________
SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/I AVAILABILITY OF REPORT

Approved for public release; distribution
2b. DECLAS5IFICATION/I DOWNGRADING SCHEDULE u .nlimited~

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONIITORING ORGANIZATION REPORT NUMBER($)

USAARL REPORT NO. 87-7

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
(if applicable)

Biodynaraics Research Division SGRD-UAD _______________________

6c, ADDRESS (CIty State, and ZIP Code6) 7b. ADDRESS(City, State, and ZIIPCode)
US Army Aeromedical Research Laboratory
P.O. Box 577
Fort Rucker, AL 36362-5292
8a. NAME OF FUNDING /SPONSORING 8 b. OFFICE SYMCOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION t~UMBER

ORGANIZATION (If applicable)
US Army Aeromf.dical Research La

8c. ADDRESS (City, State, and ZiP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT ~TASK WORK UNIT
Fort Rucker, AL 36362-5292 62777A 13El62777A871 1 138
11. TITLE (include Security ClaWfic- on)
Ifeasurement of Gunner Head Acceleration During Firing of High Impulse Guns on Lightweight
Armored Vehicles and the Assessmnent of Gunner Tolerance to Such Imgact (U)-
12. PERSONAL AUTHOR(S)

HundeyTed, Haley, Joseph L.
*TYPE OF REPORT 13b. TIME COVERED -114. DATE OF REPORT (Yea. ....jntt,, Da)15. PAGE COUNT

Fnal IFROM _ ___TO 1987 July 7 1 57
16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverie if necessary and Identify by block number)
FIELD GROUP SUS-GROUP Brow impact; Frontal head impact; Brow pad loads; Tank

gunner's brow impact

-4 ABSTRACT (Continue on reverie if necessaty and Identify bay block number')
Ws report provides gunner head acceleration data from the li-ve firing of 105 mm and 152 mm

turret guns on the M-551 and M1-60 tanks. The head accelerations were measured with a gunner
volunteer and with an anthropomorphic dummy with stationary tanks. The head acceleration
values ranged from 4 Gs in the heavy H1-60 tank up to 14 Gs in the light M1-551 tank. A com-
parison of these acceleration levels to the known human tolerance data indicates no problem
rfor single exposures for miost gunners, but it is possible that some gunners will experience

heaacesand neck sri.The effect of repeated exposures at the 14 G levcl1 is not known

20. DISTRIBUTION /AVAILABI1LITY OF ABSTRACT 2 BTATSCRT LSIIAO

ClUNCLASSIFIF13iUNLIMITED 5ý1 SAME AS RPT, TC SR UNCLASSIFIED
22a- NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (include Area Code) 2cOFICE SYMBOL

DDForm 17,JN86 Previous editionso ar obsoigiv. SJECURITY CLASSIFIATION OF THIS PAGE

UNCLASSIFIEDA.

IR

-~~~~~~~~~~~~~~~~~ - - - - - -- - -- - "'' ' -- . K' 
ý .- W .. .



ACKNOWLEDGEMENTS

The authors are deeply indebted to USAARL researchers Mr. Alan
Lewis and 2LT Donald Schneider for their unstinting effort in
the preparation of the dummy instrumentation and the field
measurement of the acceleration data. Without Mr. Lewis'
considerable background and skill in the instrumentation field,
the successful. completion of this project would have been far
more difficult. In addition, the Naval Surface Weaoons Center
personnel were very helprul; in particular, Mr. Ron Hundley and
Mr. Ray Bowen made the research work at that facility a pleasant
experience.

NTIS Cfl,'\&i --

DTIC 3 ,c ]

B y .. .... . . ... .. ...... .. . . .

orr
Dit ,,

4-/ '
I II'



TABLE OF CONTENTS

PAGE NO.

List of Tables ........................................... 1

List of Figures ............... .......................... 2

Introduction ............................................. 5

Methods .................................................. 7

Materials ................................................ 13

Results and Discussion ................................... 19

Conclusions and Recommendations .......................... 26

References Cited ......... ............................... 27

Appendixes:

A - Manufacturer's Equipment List ........................ 28

B - Plots of Acceleration vs Time for Dummy
and Human Head and Chest Accelerations
During Tank Gun Firings ........................... 30

LIST OF TABLES

TABLE PAGE NO.

1. Description of Test Tanks .......................... 13

2. Mean Peak Accelerations of Dummmy and Human
Head During Tank Gun Firing Tests ................... 21



LIST OF FIGURES

FIGURE PAGE NO.

1. M-551 Sheridan Test Vehicle with 152 mm

Gun (Aug 81) ...................................... 7

2. Instrumented Dummy in M-551 Gunner's Position ..... 8

3. M-60 A2 Test Vehicle with 152 mm Gun
(Dec 81) .... ...................................... 9

4. Instrumented Dummy in M-60 A2 Gunner's
Position ........................................ 10

5. Instrumented Human Subject in M-60 A2

Gunner's Position ............................... 10

6. M-551 Sheridan Test Vehicle (Dec 81) ................. 11

7. Instrumented Human Subject in M-551
Gunner's Position ............................... 11

8. Instrumented Dummy in M-551 Gunner's Position..... 11

9. Instrumented Human Subject ............................ 16

10. Instrumented Dummy Axes ........................... 18

11. Instrumented Human Acceleration Measurement
Axis System ..................................... 18

12. Comparison of the Load versus Deflection of the
Standard Tanker's Brow Pad (used in these
tests) to a Pad Constructed with H-H
Ensolite- PVC Foam .............................. 22
AV

B-i Dummy Head Acceleration - M-551 "Sheridan"
with 152 mm Gun - 0 Degree Azimuth,
Round 3 (Aug 81) ................................ 31

B-2 DuLmmy Chest Acceleration - 14-551 "Sheridan"
With 152 mm Gun - 0 Degree Azimuth,
Round 2 (Aug 81) ................................ 31

B-3 Dummy Head Acceleration - M-551 "Sheridan"
With 152 mm Gun - 90 Degrees Azimuth,
Round 9 (Aug 81) ................................ 32

2'



FIGURE PAGE NO.

B-4 Dummy Chest Acceleration - M-551 "Sheridan"
With 152 mm Gun - 90 Degrees Azimuth,
Round 9 (Aug 81) .................................. 32

B-5 Dummy Head Acceleration - M-551 "Sheridan"
With 105 mm. Gun - 0 Degree Azimuth,
Round 1 (Aug 81) ................................ 33

B-6 Dummy Chest Acceleration - M-551 "Sheridan"
With 105 mm Gun - 0 Degree Azimuth,
Round 1 (Aug 81) ................................. 33

B-7 Dummy Head Acceleration - M-551 "Sheridan"
With 105 mm Gun - 90 Degrees Azimuth,
Round 8 (Aug 81) ................................ 34

B-8 Dummy Chest Acceleration - M-551 "Sheridan"
With 105 mm Gun - 90 Degrees Azimuth,
Round 8 (Aug 81) ................................ 34

B-9 Dummy Head Acceleration - M-60-A2 With 152 mm
Gun - 0 Degree Azimuth, Round 5 (Dec 81) ........ 35

B-10 Dummy Chest Acceleration - M-60-A2 With 152 mm
Gun - 0 Degree Azimuth, Round 5 (Dec 81) ........ 35

B-il Dummy Head Acceleration - M-60-A2 With 152 mm
Gun - 90 Degrees Azimuth, Round 6 (Dec 81) ...... 36

B-12 Dummy Chest Acceleration - M-60-A2 With 152 mm
Gun - 90 Degrees Azimuth, Round 6 (Dec 81) ...... 36

B-13 Dummy Head Acceleration - M-60-A2 With 152 mm
Gun - 0 Degree Azimuth, Round 20 (Dec 81) ....... 37

E-14 Dummy Chest Acceleration - M-60-A2 With 152 mm
Gun - 0 Degree Azimuth, Round 20 (Dec 81) ....... 37

B-15 Human Head Pitch Acceleration - M-60-A2 With
152 mm Gun - 0 Degree Azimuth, Round 20
(Dec 81) ........................................ 38

B-16 Dummy Head Acceleration - M-60-A2 With 152 mm
Gun - 90 Degrees Azimuth, Round 12 (Dec 81) 39

B-17 Human Ti Acceleration - M-60-A2 With 152 mm
Gun - 90 Degrees Azimuth, Round 12 (Dec 81)..... 39

3



FIGURE PAGE NO.

B-18 Human Head Pitch Acceleration - M-60 A2 With
152 mm Gun, 90 Degrees Azimuth, Round 12
(Dec 81) .................................. ..... 40

B-19 Dummy Head Acceleration - M-551 "Sheridan"
With 152 mm Gun - 0 Degree Azimuth,
Round 38 (Dec 81) ..................... 41

B-20 Dummy Chest Acceleration - M-551 "Sheridan"
With 152 mm Gun - 0 Degree Azimuth,
Round 38 (Dec 81) ............................... 41

B-21 Dummy Head Acceleration - M-551 "Sheridan"
With 152 mm Gun - 90 Degrees Azimuth,
Round 32 (Dec 81) ............................... 42

B-22 Dummy Chest Acceleration - M-551 "Sheridan"
With 152 mm Gun - 90 Degrees Azimuth,
Round 32 (Dec 81) ............................... 42

B-23 Dummy Head Acceleration - M-551 "Sheridan"
With 152 mm Gun - 0 Degree Azimuth,
Round 22 (Dec 1') .3

B-24 Human T1 Acceleration - M-551 "Sheridan"
With 152 mm Gun - 0 Degree Azimuth,
Round 22 (Dec 81) ............................... 43

B-25 Human Head Pitch Acceleration - M-551 "Sheridan"
With 152 mm Gun, 0 Degree Azimuth,
Round 22 (Dec 81) .............................. 44

B-26 Human Head Acceleration - M-551 "Sheridan"
With 152 mm Gun - 90 Degrees Azimuth,
Round 28 (Dec 81) ............................... 45

B-27 Human T1 Acceleration - M-551 "Sheridan" With
152 mm Gun - 90 Degrees Azimuth, Round 28
(Dec S ll) ........................................ 45

B--28 Human Head Pitch Acceleration - M-551 "Sheridan"
With 152 mm Gun, 90 Degrees Azimuth,
Round 28 (Dec 81) ... ........................... 46



INTRODUCTION

The stated intent of the US Army and US Marine Corps to
field a lightweight armored vehicle, eqcuipped with a high-
impulse gun, has raised concerns about the possible effects of
the recoil on the gunner. These concerns are primarily about
the effects on the physical and psychological condition of the
gunner and on his ability to maintain an opc-srationally-
acceptable rate of accurate fire. The Human Engineering
Laboratory (HEL), Aberdeen Proving Ground, Maryland, initiated
an effort to address these questions, but was hindered by a lack
of data describing the recoil forces transmitted to the gunner.
HEL learned that the US Navy and US Marine Corps also were
concerned about potential problems and were conducting firing
tests with an M-551 Sheridan tank to obtain vehicle response
data. This represented a good opportunity to obtain transmitted
recoil force data for the gunner's position.

A meeting was held 28 January 1981, at the Naval Biodynam-
ices Laboratory (NDDL) at Michoud Station, Louisiana, to estab-
lish and coordinate a test plan to gather the transmitted recoil
data in conjunction with Navy tests at the Naval Surface Weapons
Center (NSWC) at Dahlgren, Virginia (USAARL trip report by
Goldstein, 4 February 1981). Subsequent to the 4 February 1981
NBDL meeting, HEL informally requested the United States Army
Aeromedical Research Laboratory (USAARL) to gather transmitted
recoil data and to relate that data to human head impact toler-
ance. USAARL, with the encouragement of the US Army Medical
Research and Development Command (USAMRDC), agreed to assist HEL
and NSWC in gathering the recoil data.

Initially tests were scheduled for mid-April 1981, but
conflicts in programmed tests at NSWC caused numerous changes in
the schedule, with the test finally being conducred the week of
17 August 1981 at NSWC.



A second test series was conducted from 30 November to 7
December 1981, at NSWC. HEL desired firing data from an M-60 A2
and from an operational M-551 with an anthropometric dummy, and
with a human in the gunner's position. HEL provided the test
protocol, the human subject, obtained human use approval, and
provided the vehicles and ammunition to NSWC for this series of
tests.*

The results of these tests were used by HEL to develop
mathematical equations for the prediction of the gunner's firing
response in future vehicle configurations, but validation of the
equations will require some additional test firings. These
results also will be used to program the US Army Tank Command
Ride Simulator to evaluate the effects of multiple gun recoil on
gunner tiring accuracy.

The dummy and human head and chest accelerations measured
in the tests reporteC here were provided to HEL in the 1982 and
1983 time frame, but recent requests for data on repetitive head
impact tolerance prompted the publication of this report.

* Funding for this series was provided by the Mobile Protected
Weapon System (MPWS) project office at the Marine Corps
Development Center, Quantico, Virginia. (The MPWS was
originally a US Marine Corps project.) After Congress mandated a
joint Army-Marine Corps program, the name was changed to Mobile
Protected Gun System (MPGS) with the program manager residing in
the US Army Tank-Automotive Command (TACOM), Detroit, Michigan.
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METHODS

The initial test series began in August 1981 with the M-551
Sheridan vehicle equipped with the standard 152 mm gun (Figure
1). An instrumented dummy was placed in the gunner's position
with his head against the brow pad of the night-firing sight.
Five shots were fired with the barrel pointing straight ahead
over the front of the vehicle (0 degree azimuth, 0 degree
elevation). The dummy's head was repositioned against the brow
pad prior to each shot (Figure 2). Upon completion of the 10
shots, the 152 mm gun was replaced with the 105 mm gun and the
same shot sequence was repeated.

Im
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FIGURE 1. M-551 Sheridan Test vehicle with 152 mm Gun (Aug 81).
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FIGURE 2. Instrumented Dummy in M-551 Gunner's Position.

The November-December 1981 test series began with the M-60
A2 vehicle (Figure 3). The gun was the same 152 mm gun that is
standard on the Sheridan. The ammunition used 3n all the 152 mm
firings was the standard high-explosive, antitank (HEAT) round.
The instrumented dummy was placed in the M-60 A2 in the gunner's
position (Figure 4). His head had to be bent forward
approximately 40 degrees relative to his torso in order to have
his forehead in contact with the brow pad. Five shots were
fired over the front (0 degree azimuth, 0 degree elevation) and
five were fired over the right side (90 degrees azimuth, 0
degree elevation). The dummy then was removed and the
instrumented human subject was seated in the gunner's position
(Figure 5). Five shots were fired over the right side (90
degrees azimuth, 0 degree elevation) and five were fired over
the front (0 degree azimuth, 0 degree elevation). The series
then was repeated in the Sheridan M-551 (Figure 6) with the
human subject in the gunner's position (Figure 7). The dummy
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then was placed in the M-551 for the final shots (Figure 8).

Two rounds of ammunition failed to fire, so only three shots

were fired from the side position (90 degrees azimuth, 0 degree

elevation). The final five rounds were fired over the front (0
degree azimuth, 0 degree elevation).

S"% I

FIGURE 3. M-60 A2 Test Vehicle with 152 mm Gun (Dec 81).
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FIGURE .M-551 Sheridan Test Vehicle (Dec 81).

AL

FIGURE 7. Instruni A~ Human Subject in M--551
Gunner zsition.
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FIGURE 8. Instrumented Dummy in M-551 Gunner's Position.

All vehicle response data were collected by NSWC. Only
dummy head and chest and human head and torso acceleration data
were collected by USAARL for this report.
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MATERIALS

The vehicles used were two M-551 Sheridans and a M-60 A2
(Table '). The table shows the M-60 to be more than three times
the mass of the M-553. Sheridan. The first test firing used a
Sheridan that was not considered fully operational because some
equipment had been removed. The second firing test used a
fully-operational M-551 and a fully-operational M-60 A2. This
was necessary because a human gunner was bei-g used in the
second test and only a fully-operational vehicle was Lý.centable
for safety purposes.

TABLE 1
Description of Test Tanks

GUN* GUN GUN
TANK TURRET BARREL RECOIL

TANK TANK MASS MASS INSIDE MASS
IDENTITY MISSION (kg/lb) (kg/lb) DIA (mm) (kg/lb) REMARKS

I 5r ,833/ 10/ 0iz rebs con-Sheridan Mobile 33,500 10,700 2,711 ventional(Modified) projectile.

M-551 Air 15,193/ 4,853/ 152 499/ Fires
Sheridan Mobile 33,500 10,700 1,100 "Shi. lelaa''"

missile or
onventional

projectile.

M-60 A2 Main 51,250/ 14,996/ 152 499/ M-60 chassis
Battle 113,000 33,000 1,100 fitted with
Tank modified

(152 mm) tur-
ret. Fires
"Shillelagh"
or conven-
tional
projectile.

M-60 Main 54,600/ 14,966/ 105 1,230/ Fires con-
Battle 120,000 33,000 2,711 ventional
Tank projectile.

-----------------------------------------------------------

* Monocular sights used in both tanks.

13

I.



The standard brow pad used by the gunner in both the M-551
and M-60 tanks consisted of very soft, flexible 4 cm x 6 cm foam
material of approximately 2.5 cm thickness. The pad provided
only minimal energy absorption.

All Sheridan firings used the standard HEAT round. This
round weighs 22 kg and develops a muzzle velocity of
approximately 683 m/sec (2,240 ft/sec). The momentum of the
round at the muzzle is approximately 15,000 N-sec (3,374
Ib-sec). The M-60 105 mm gun used in the first Sheridan firing
test fired an inert training round that simulates the HEAT
round. That round weighs 21.8 kg and develops a muzzle velocity
of approximately 1,173 m/sec (3,848ft/sac) for a developed
momentum of 25,550 N-sec (5,740 Ib-sec).

The dumnay used in both tests was an Alderson Research
Laboratories model CG-98*. This dummy was designed for use in
parachute testing. The overall dimensions, mass distributions,
and range of limb motions match that of a corresponding 98th
percentile human, but the design makes no attempt to match the
kinetics of human motion. The joints are simple pinned
connections with metal-to-metal contact which tend to caulse
high-frequency "ringing" when loaded suddenly. The head mass is
not rigidly attached to the torso; therefore, it can be used to
determine gross acceleration effects of the head's center of
gravity (C.G.). The torso consists of a metal-walled cavity
which also is subject to "ringing." As a result, acceleration
data obtained from the dummy usually has a significant amount of
high-frequency "ringing" included that would not be present in a
human subject. The chest data presented in this report was
filtered at 200 Hz to remove the "ringing."

The instrumentation used in the dummy was a triaxial
accelercmeter consisting of three orthogonally-mounted Endevco
model 2226C accelerometers* in the head and a Columbia model
accelerometer was mounted at -the point of intersection of a line

through the external ear openings (center of gravity of the
head) and the midsaggital plane. The chest accelerometer was
mounted on the midsaggital plane of the metal cavity wall at a
point in line with the normal location of the heart. The
transducer outputs were fed to six Endevco model 2240 charge
amplifiers* stored in the chest cavity. From there the signals
conditioner* which proviided excitation, gain,

* See equipment ma:' factirers at Appendix A.
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and offset as required. All signals were frequency modulated to
the Inter-Range Instrumentation Group (IRIG) constant bandwidth
subcarrier "A" channels (deviation + 2 kHz). The multiplexed
signal was recorded on a Sangaxuo Sabre VI 14 channel "I" band
recorder*. An IRIG time code format "B" signal obtained from
the test range broadcast also was recorded for reference
purposes. In addition, a voice channel was used to record
co.ments and to identify the recorded data. The multiplexed
data were demodulated and fed through a 400-Hz, 5-pole linear
phase low pass filter to the analog-to- digital converters of
the Systems Engineering Laboratory 85/Engineering Associated,
Inc. hybrid computer* for processing. The signals were sampled
at a 5714-Hz rate and stored on a 9-track digita) tape. Graphic
presentation of the traces was done by using a Tektronix 4010
terminal and 4631 hard copy unit*. These traces then were used
in preparing this report.

Instrumentation for the human subject was a problem because
the package had to be mounted externally and could not be a
source of potential injur4 for the subject. No such
instrumentation package was available "off the shelf." The
researchers contacted the Naval Biodynamics Laboratory, New
Orleans, Louisiana (NBDL) for guidance because of their
extensive experience in instrumentating human subjects for
acceleration measurements. Their system providts an -acceptably
rigid coupling to the head, but it requires custom fitting to
the subject and involves several different manufacturing steps
performed by different groups. This process usually takes a
minimum of 6 to 8 weeks to complete. The scheduled test date
didn't allow sufficient time to procure a mor:;t of their design.

A second problem with the NBDL system was the accelerometer
location in front of the mouth on a frame that is coupled to the
upper teeth and gum. This was viewed as less than desirable for

this test because of the possibility of the subject striking
some part of the sight with the accelerometer mounted and being
injured. The researchers elected to modify and use an
acceleration measurement device already in our possession. The
device used includes five. Entran EGAL125-lOD piezoresistive
accelerometers* mounted in a bar assembly. It is designed to be
used as a mouth-mounted acceleration measurement device.

The device was modified to permit mounting on a rigid
skullcap made by forming thermoplastic sheets to a plaster cast
duplicate of the subject's head. The skullcap was held on the
subject's head by straps attached to a custom-molded chin cup
(Figure 9).

The human volunteer subject was chosen to be nearly the
same size as the dummy. The subject's stature was 183.2 cm, his
weight was 195 lb, and his sitting height was 91.1 cm.

1t5
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FIGURE 9. Instrumented Human Subject.

The system was not as rigid as desired in that relative
motion between the subject's head and the skullcap could occur.
This tended to introduce higher frequency acceleration
components into the data output (especially the z-axis) that
wiould not be present if the measurement device were rigidly
attached to the skull bone.

Additional stiffening and dampening materials were added to
the accelerometer mount itself to minimtize resonant frequency
problems, but nothing could be done about the basic problemi of
skin movement relative to the skull beyond tightening the straps
as much as the subject could tolerate.

A triaxial accelerometer consisting of three Fnd.cvcc* model
2265-20 piezoresistive accelerometers mounted on an aluminum
block was attached to the position of the first thoracic
vertebra of the subject by using a plastic cup filled with
molding compound and held in place with a strap harness around

16



the abdomen and over the shoulders. This is similar to the
method used by NBDL. However, the lack of a rigid coupling
between the subject's skeletal torso and the accelerometer
transducer caused the same problem of high frequency
oscillations in the acceleration traces.

Because of the close quarters in the tanks-and the need to
remove the accelerometer cables for calibration checks, the
accelerometers were mounted in the dummy with the axes aligned
as shown in Figure 10. This alignment should be kept in mind
when comparing the acceleration traces to other reports on
acceleration. A similar problem was encountered with the human
instrumentation. The accelerometer mount used for the human
head was designed for mouth installation. The researchersplaced it at the back of the subject's head and thus changed the
reference axis system. The human acceleration reference system
is shown in Figure 11.

The movable brow pad was adjustable so that the center of
contact was aligned with the C.G. of the head and the impact
load was oriented along the fore-aft (X) axis of the torso
(Figures 7 and 8, pages 13 and 14).

A standard tanker's helmet was not worn by either the human
subject or the dummy. The 1.4 kg mass of the helmet would have
tended to reduce the head acceleration value.-; therefore, the
present acceleration data are conservative. Since tankers tilt
the helmet backward enough to permit forehead-to-brow pad
contact during firings, the deletion of the helmet affected the
head mass alone and not the mechanism of energy transfer.

17
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RESULTS AND DISCUSSION

A rather large body of data was generated during these
tests. Rather than reproduce it all in this report, selected
curves representing the response of the dummy or human for each
test condition are provided (Appendix B, Figures B-i through
B-28). No significant difference in subject response for each
firing of a given gun was noted.

The head x-axis acceleration was the most significant
measurement taken, and these were fairly consistent; however,
the "x" accelerometer was orientated at approximately 40 degrees
from the M-60 A2 tank's x-axis (due to the excessive dummy
sitting height) so that an upward z-axis acceleration also is
read on the head in the M-60 tests.

The z-axis and y-axis curves were comparable in overall
shape and time duration, but variations in peak accelerations
were present. These variations are caused by the rigid metal
torso and metal-jointed neck in the dummy, and by the lack of a
rigid accelerometer attachment to the head in the human.
However, the data is usable for making a general head injury
risk determination for gunners using these type vehicles.

A preliminary analysis was done prior to the actual firing
tests to try to predict the x- (longitudinal) axis accelerations
that would be generated. The US Army Tank-Automotive Command _
(TACOM) indicated that the measured reaction force at the gun
trunnions during firing was 619,606 N (139,300 lb) for the
M-551. Using the turret and tank weights shown in Table ., a
range of possible x-axis accelerations can be calculated as
follows:

The gun reaction force is assumed to act along the x-axis of the
tank. If the turret moves (displaces in the turret ring)
independently of the tank, the peak acceleration will be
determined by: a=F/m.

Thus for the M-551: atjrrt = 619,606 N 127.7 m/s 2 = 13.0 G
4,853 kg

For the M-60 A2: aturret = 619,606 N = 41.4 mr/s2 = 4.2 G
14,966 kg

If the vehicle (turret and tank) moves as a rigid body, then the
larger mass must be used in the formula.

For the M-551: atank = 619_606 N z 40.8 m/s 2 = 4.2 G
15,193 kg

19



For the M-60 A2: atank = 619,606 N = 12.1 m/s8 = 1.2 G
51,247 kg

Therefore, if the dummy or human subject's head was
connected firmly to the vehicle brow pad, we expected to measure
an x-axis acceleration from 4.2 G to 13 G in the M-551 and from
1.2 G to 4.2 G in the M-60 A2. The measured test accelerations
agreed fairly well with the predictions. It should be noted
that the dummy's brow was proximal to the brow pad while the
human subject actually compressed the pad with his brow; thus,
the human was subjected to less "dynamic overshoot" acceleration
than was the dummy. Table 2 shows the mean peak head
accelerations for both test series.

An attempt was made to evaluate the performance of the brow
pad used in the test tanks as indicated in Figure 12.
Quasistatic compression tests were conducted to obtain typical
load-deformation data. The pads tested were the standard
production configuration with a 2.5 cm thickness for these
vehicles. Both the standard production and a proposed new
design pad were tested. The standard production pad consisted
of a relatively soft (latex rubber type) foam while the proposed
new pad consisted of a much stiffer polyvinyl chloride (PVC)
foam manufactured by the B.F. Goodrich Company under the trade
name Ensolite, type H-H. As can be seen in Figure 12, the new
foam absorbs much more energy than does the standard foam, and
its use would tend to reduce the "dynamic overshoot" of the
gunner's head, especially if the head is not in contact with the
pad at the instant the weapon is fired.
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TABLE 2

Mean Peak Accelerations of Dummy and Human Head
During Tank Gun Firing Tests

TANK AND
GUN

IDENTITY AXIS 0 DEGREE AZIMUTH 90 DEGREE AZIMITH

AUG 81 TEST - DUMMY ONLY

M-551 x-axis 11.2 + 2.1 g* 17.2 + 2.0 g
152 mm y-axis -3.7 + 4.0 g 1.9 + 7.1 g

z-axis 3.6 + 5.0 g -8 + 1.8 g

M-551 x-axis 13.8 + 0.6 g 11.8 + 4.6 g
105 mm y-axis 2.0 + 3.5 g 3.5 + 4.6 g

z-axis 0.9 +- 2.3 g -0.1 + 4.1 g

DEC 81 TEST - DUMMY

M-60 A2 x-axis 3.5 + 0.9 g 3.4 + 0.4 g
152a mm y-axis -0.2 + 2.0 g -1.0 ±0.2 g

z-axis -2.2 + 0.5 g -1.6 - 1.1 g

M-551 x-axis 10.9 + 0.9 g 10.8 + 2.0 g
152 mm y-axis 3.8 0.5 g -4.1 + 0.7 qg

z-axis 2.6 + 0.3 g -3.9 4 0.9 q

DEC 81 TEST - HUMAN

M-60 A2 x-axis 3.6 + 0.4 g 3.6 + 0.6 g
152 mm z-axis 1.9 + 9.2 g -0.9 + 9.5 q

M-551 x-axis 7.5 ±- 0.8 g ±J.±.l. + 0.8 9
152 mm z-axis -6.2 + 0.8 g -6.1 + 0.6 g

- ---------------------------------------------------------------------------------------

* Standard Deviation
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FIGURE 12. Comparison of the Load versus Deflection of the
Standard Tanker's Brow Pad (used in these tests
to a Pad Constructed with 11-f1 Ensoliteb'
(Polyvinylchlioride Foam)

The principal acceleration axis in the tank-gun firing is
the x-axis and the gathered data for the dummy and human head
along that axis is acceptably accurate for assessing the
health hazard. of tho vehicles tested, the M-551 generated
the highest levels of head x-axis acceleration. Mean peak
values for the dummy ranged from 10.8 G to 17.2 G for a
triangular pulse with an average initial positive pulse
duration of 33 milliseconds. The 17.2 G mean was generated by
the 90 degree azimuth firings from the first M-551 firing
test. The second series of M-551 tests were more consistent
with a 10.9 G mean for the 0 degree azimuth configuration and
a 10.8 G moan for the 90 degree azimuth configuration. The
second test series used a ftully-operational M-553 wihile the
first test series used a partially-stripped M-551 which was
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equipped with an incomplete sight assembly. This may have
resulted in a less rigid load transfer path to the brow pad
and thus may have introduced some dynamic overshoot.
Therefore, the data gathered during the second test will be
used to assess potential health hazards. The threat pulse
will be defined as a triangular pulse of 30 to 35 milliseconds
duration with a peak of from 10 to 14 G.

The available research into the physiological effects of
low-level impact acceleration is very limited. The principal
area of investigation has been related to sports injuries,
principally those from boxing and football. Furthermore, most
of the investigations have consisted of postinjury reporting
of the amount and type of damage, and the course of recovery
or death. Almost no work has been done in evaluating the
kinetics of boxing. One of the prominent researchers in the
field has published a fairly comprehensive review of boxing
injuries with some analysis of the kinetics and injury
mechanism (Unterharnscheidt, 1975). In one experiment, he had
two physical education students with no boxing training fight
for 10 minutes while wearing headband-mounted accelerometers.
The boxers used 12-oz gloves rather than the 6-oz gloves used
in most professional fights. The 12-oz gloves are thicker and
softer and have a cushioning effect that reduces the peak
force generated by a given blow. The measurements obtained
indicated that 21 blows acce.Leratd the head b-7A- r_, 12.
blows by 6-10 G, three blows by 11-15 G, threE blows by 16-20
G, and two blows by 21-25 G. Some of the measured pulses in
the 0-5 g group were actually defensive movements of the head
rather than blows. No injuries or physical problems were
reported. Dr. Unterharnscheidt also conducted an experiment
to evaluate the severity of a representative blow in a
professional boxing match. He used a gloved pendulum to
represent the striking fist and arm and a wooden pendulum
covered with wool cloth to cepresent the head. He determined
that a representative blow with a 6-oz glove generated
approximately 100 G of translational acceleration of the head.

A similar experiment to Dr. Unterharnscheidt's was done
in England (Johnson, Skorecki, and Wells, 1975). The
researchers instrumented volunteer subjects and struck them at
increasing impact velocities with a gloved wooden fist mounted
on a rigid pendulum. The glove was a 6-oz professional type.
The total impacting mass was 5.5 kg. The impact severity was
incremented upward from low levels until the subject's
vcluntary tolerance was reached. Higher intensity blows were
evaluated using an inflated dummy head weighted to duplicate
human head mass (4.5 kg) and mounted in such a way as to
duplicate the dynamic response characterstics ot the head-neck
system. The human volunteers sustained blows up to 14 G peak
head acceleration with durations of initial positive
acceleration of approximately 35 milliseconds. The
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acceleration-time curve (from the Johnson study) is described
as a short-period triangular positive peak followed by a
long-period negative acceleration with a peak of about 40
percent of the positive peak and a duration of about twice
that of the positive period. The head acceleration curves
measured in the M-551 are very similar to those described in.
the Johnson study. Although the inflated dummy head was
struck by professional boxers and 260 G peak (13 milliseconds
duration) recorded in the head form, such an impact is
definitely assumed to be a "knockout" punch and not to be
sustained repetitively.

An earlier experiment was conducted to determine
voluntary tolerance to helmeted-head impact (Lombard, et al.,
1951). Subjects were fitted with a variety of football and
flight helmets and then struck with an instrumented pendulum.
The 14 peak accelerations, due to blows to the forehead,
resulted in an average tolerance level of 22.6 G with a mode
tolerance level of 16 G. The reasons given for the volunteer
stop points were local pain, bruising, and neck pain. No
evidence of any change in consciousness or reflex action was
noted.

Some work has been done in the area of human tolerance to
acceleration applied to the whole body while restrained in a
seat. ne of the major efforts tn 4-i.s3 area has boen
conducted by the NBDL. They have subjected numerous human
subjects to whole-body (-gx) acceleration of from 5 to 15 G at
the sled. The measured x-axis head acceleration has reached
peaks as high as 24 G with no reported adverse effects (Ewing
and Thomas, 1972).

A somewhat similar study was done in England (Reader,
1979). Reader looked at the effect of head acceleration on
psychomotor performance. The subjects were restrained in a
seat on a sled and subjected to whole-body acceleration. The
highest peak x-axis head acceleration experienced was 26.9 G.
A tracking task and EEG recording were used to evaluate the
effects of acceleration on psychomotor performance. The
report states that a statistically-significant decrease in
short-term performance was detected for mean peak head x-axis
accelerations greater than 5.3 G. However, the limited number
of subjects used in the experiment makes it very difficult to
make a general statement about the overall physiological
effect of low-level head acceleration on psychomotorperformance. The only subject complaints reported were two

cases of slight headache, two cases of stiff neck, and several
statements of a short-term feeling of detachment or isolation
immediately following deceleration.
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Although the whole-body acceleration experiments use a
different loading mechanism to accelerate the head than does
the direct impact method, there are some similarities. With
comparable acceleration-time histories, the total velocity and
momentum changes will bE the same. Human tolerance data
gathered from whole-body acceleration experiments can be used
as backup for direct impact tolerance data. In this case, it
is desirable because of the limited amount of data concerning
human tolerance to low-level direct impact acceleration.

As indicated under the Methods section nf this report,
consideration was given to the effect of the stiffness of the
pad on the acceleration of the gunner's head. The existing
soft latex foam pad acts too much like a "soft" spring in
which both theory and experiment reveal that the movement of
the tank turret and pad at velocities up to two meters per
second will "bottom" (totally compress) the pad before the
head velocity is increased. This results in a sudden increase
of head acceleration called "dynamic overshoot." The common
idea that a soft "comfortable" pad is best is not true; a
relatively stiff pad is preferable for this application.

Regardless of the pad stiffness used, the gunner should
press his brow firmly against the pad to minimize the "dynamic
overshoot" Fffect. Firm brow Pressure wl ted to keep the
gunner's head in place with the turret pad motion.
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CONCLUSIONS AND RECOMMENDATIONS

Thre conclusion reached after comparing the measured human
and dummy gunner head accelerations along the x-axis to
published human tolerance data is that the gun firing in the
test vehicles does not exceed human tolerance for single
exposures. It is not possible to state that no person will ever
experience any discomfort. Based on the limited data available
and the large variation in the human population' it is quite
possible that some gunners will experience headaches, transitory
head pain, and neck strain. If the weapon is fired while the
vehicle is in motion (resulting in potential decoupling of the
forehead from the browpad), higher recoil forces than are
reported herein likely will occur. Furthermore, no conclusion
can be reached as to the effects of repeated exposure in terms
of number of exposures or frequency of exposures. Studies on
boxing imply that subinjurious blows have a cumulative effect
that is injurious (Unterharnscheidt, 1975). Unfortunately, the
mechanisms of head injury are not well defined in quantitative
terms. Therefore, the effects of repeated low-level blows will
have to be determined through future research.

The recommendation is that research continue into the
effects of recoil on tank gunners by conducting experiments with
human volunteers and animals to establish a tolerance level to
low-level impact accelerations that includes the effect of
magnitude, frequency, and total dose. Such experiments could
also provide tolerance data for impacts from boxing. The
tolerance limits will have to be the volunteer's own sense of
physical well being. Monitoring of physiological parameters
such as heartbeat, respiration, brain wave activity, and
temperature should be done, but their value in predicting the
approach to injurious acceleration levels is not yet explicated
fully. Tests that evaluate reflex reaction, fine motor control,
and memory may provide better measures for evaluating the
effects of acute acceleration if baseline levels of performance
for such behaviors can be established and then evaluated
immediately after exposures. The use of this approach will
permit an assessment to be made of both acute, postinsult
effects and (with continued monitoring of the behaviors) of any
cumulative and/or chronic deficiencies which result.

To minimize the effects of recoil acceleration "dynamic
overshoot," a stiffer foam pad is recommended (with performance
similar to that shown in Figure 12).
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APPENDIX A

EQUIPMENT MANUFACTURERS

Alderson Research Laboratories
390 Ludlow Street
P.O. Box 1271
Stanford, CN 06904

Columbia Research Laboratories
McDade Boulevard and Bullens La.
Woodlyn, PA 19094

Endevco
Rancho Viejo Road
San Juan Capistrano, CA 92675

Entran Devices, Inc.
10 Washington Avenue
Fairfield, NJ 07006

BF Goodrich
500 S. Main Street
Akron, OH 44318

Humanoid Systems
747 East 223 Street
Carson, CA 90745

Kistler Instrument Corp.
75 John Glenn Drive
Amherst, NY 14120

Metraplex Corp.
Berkshire Industrial Park
Bethal, CT 06801

Nicolet Instrument Corp.
5225 Verona Road
P.O. Box 4288
Madison, WI 53711

Sangamo Data Recorder Division
P.O. Box 3041
Sarasota, FL 33578

Systems Engineering Laboratories
6901 W. Sunrise Boulevard
Fort Lauderdale, FL 33313 Z.
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Systron Donner Corp.
888 Galindo Street
Concord, CA 94520.

Tektronix, Inc.
P.O. Box 500
Beaverton, OR 97077

29

29!



APPENDIX B

PLOTS OF ACCELERATION VERSUS TIME

FOR DUMMY AND HUMAN AIEAD AND CHEST ACCELERATIONS

DURING TANK GUN FIRINGS

FIGURES B-I THROUGH B-28
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FIGURE B-15. Human Head Pitch Acceleration - M-60-A2
with 152 mm Gun - 0 Degree Azimuth
Round 20 (Dec 81)
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Fort Rucker, AL 36362

Directorate of Training Development
Bldg 502
Fort Rucker, AL 36362

Chief
Army Research Institute Field Unit
Fort Rucker, AL 36362

Chief
Human Engineering Laboratory Field Unit
Fort Rucker, AL 36362

Commander
US Army Safety Center
Fort Rucker, AL 36362

Commander
US Army Aviation Center and Fort Rucker
ATTN: ATZQ-T-ATL
Fort Rucker, AL 36362

US Army Aircraft Development Test Activity
ATTN: STEBG-MP-QA
Cairns AAF, Fort. Rucker, AL 36362

President
US Army Aviation Board
Cairns AAF, Fort Rucker, AL 36362

5 5.
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Distribution to foreign addressees

Chief
Defence and Civil Institute of Environmental Medicine
P.O. Box 2000
ATTN: Director MLSD
Downsview, Ontario Canada M3M 3B9

USDAO-AMLO, US Embassy
Box 36
FPO New York 09510

Staff Officer, Aerospace Medicine
RAF Staff, British Embassy
3100 Massachusetts Avenue, NW
Washington, DC 20008

Canadian Society of Aviation Medicine
c/o Academy of Medicine, Toronto
ATTN: Ms. Carmen King
288 Bloor Street West
Toronto, Canada M55 1V8

Canadian Airline Pilot's Association
MAJ (Retired) J. Soutendam
1300 Steeles Avenue East
Brampton, Ontario, Canada L6T IA2

Canadian Forces Medical Liaison Officer
Canadian Defence Liaison Staff
2450 Massachusetts Avenue, NW
Washington, DC 20008

Commanding Officer
404 Squadron CFB Greenwood
Greenwood, Nova Scotia, Canada BOP INO

Officer (tmmanding
School of Operational and Aerospace Medicine
DCIEM P.O. Box 2000
1133 Sheppard Avenue West
Downsview, Ontario, Canada M3M 3B9

National Defence Headquarters
101 Colonel By Drive
ATTN: DPM
Ottowa, Ontario, Canada KIA 0K2

56

I,',



Commanding Officer
Headquarters, RAAF Base
Point Cook Victoria, Australia 3029

Canadian Army Liaison Office
Bldg 602
Fort Rucker, AL 36362

Netherlands Army Liaison Office
Bldg 602
Fort Rucker, AL 36362

German Army Liaison Office
Bldg 602
Fort Rucker, AL 36362

British Army Liaison Office
Bldg 602
Fort Rucker, AL 36362

French Army Liaison Office
Bldg 602
Fort Racker, AL 36362
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